The CGF (Continuous Grain Flow) forging method is widely applied to crankshafts of high-speed marine diesel engines in recent years. CGF-forged crankshafts are considered to have an advantage in fatigue strength compared with free-formed forged crankshafts because of two factors: 1) continuous grain flow along the axial direction of the shaft, and 2) small segregation of impurities in the surface layer of the shaft. In general, however, the forged grain flow of CGF-forged crankshafts has a local discontinuation at the fillet between the crank pin and the crank-arm or between the crank-journal and the crank-arm, which originates in the shaft machining process. In this study, effects of the local discontinuation of the forged grain flow on the ultra-high-cycle fatigue strength were investigated by fatigue tests and by FEM calculations. Based on the investigation, it is clear that the effects of continuous grain flow on the fatigue strength are invalid in the event that a local discontinuation of the forged grain flow at the fillet exists.
Introduction
Continuous grain flow (CGF) forging method is widely used in the manufacture of small crankshafts in high-speed marine diesel engines. Fig. 1 is a schematic illustration of forged grain flow in a free-form forged crankshaft and a CGF-forged crankshaft. Design considering the anisotropy of fatigue strength with respect to the forged grain flow direction is carried out by maintaining the continuation of forged grain flow in the forging in the CGF forging method. The fatigue resistance characteristics are superior to those of the free-form forging method because the core of the ingot in which impurities are likely to segregate is not exposed on the surface of the forging. In recent years, the crank arm thickness and the eccentricity between pin and journal show a reduced trend because of the demand for compact and lightweight engines. The stress distribution of the crankshaft differs from that of the conventional crankshaft; moreover, the forged grain flow in CGF-forged crankshaft generally has a local discontinuation near the surface at the fillet, because of the shaft machining process during manufacture. This discontinuation becomes the origin of fatigue fracture in crankshafts. In view of the above, it has been pointed out [1] that the CGF forging method may not necessarily be effective in improving the fatigue strength. Figure 2 is a schematic illustration and the macro photograph of a vertical cross section of the CGF-forged crankshaft pin, which was actually damaged (fractured). The forged grain flow was cut off at the fillet where the crack occurred, and the discontinuation can be verified from the photograph.
The authors have conducted high-cycle fatigue tests of various forging materials for crankshafts until now. They have verified that the anisotropy of fatigue strength is the result of non-metallic inclusions extending along the forged grain flow direction that become the origin of fracture. The authors have also verified [2] , [3] that internal initiated fatigue fracture (hereafter referred to as "internal fracture") occur in the ultra-high cycle regime above 10 7 cycles in high strength low-alloy steel (Tensile strength σ B =800 to 1,100 MPa class) used in crankshafts of mainly medium and high-speed engines. In this report, using the relationship between ultra-high cycle fatigue strength and the dimensions of inclusions previously reported, the effects of continuation of forged grain flow on the fatigue strength from among the factors for improving fatigue strength in the CGF forging method mentioned above are evaluated. 
Relationship between fatigue strength and forged grain flow
It is well known that the fatigue strength of forgings generally demonstrates anisotropy with respect to the forging direction (direction of forged grain flow). The authors have already studied the effects of non-metallic inclusions in steel material on the ultra-high cycle fatigue strength [2] , [3] , and have demonstrated that the anisotropy of fatigue strength in steel forgings occurs because of the difference in cross section areas of inclusions on fatigue fracture surfaces, which are the origin of fracture. Inclusions existing in steel forgings generally extend in the forged direction, as shown schematically in Fig. 3(a) . If the inclusion is soft like MnS, it will be extended during the forging ( Fig. 3(b) ). If it is hard as an oxide such as alumina, many cluster-like particles will be distributed along the forged direction ( Fig. 3(c) ). If the inclusion is approximated by an elliptical body as shown in Fig. 4 , then using ψ the angle between the longitudinal axis and the principal plane of the inclusion, and γ (length of minor axis/length of major axis of ellipse), the aspect ratio of the section area of the inclusion can be represented geometrically by equation (1) . An example of the relationship between γ and ψ for KSFA110 steel (ClassNK Standards) on which fatigue test was carried out as previously reported [2] , is shown in Fig. 5 . Fatigue tests were conducted on test specimens cut out parallel to the forged direction (equivalent to ψ=90 degrees), on test specimens cut perpendicular to the forged direction (equivalent to ψ=0 degrees), and on test specimens cut out at an angle of 45 degrees to the forged direction (equivalent to ψ=45 degrees) in past research. The solid line in Fig. 5 shows the relationship between γ and ψ, calculated from equation (1) using the mean value of the aspect ratio (a/b) of inclusion, which led to the internal fracture, from actual measurements with test specimens cut out perpendicular to the forged direction. The marks in the figure show the mean value of the aspect ratio of inclusion, which led to the internal fracture, measured from each test specimen with the suffixed number indicating the number of test specimens used. In the present research, test specimens with ψ of 20 degrees were prepared and fatigue-tested. The results for these test specimens are also plotted in the same figure. The figure shows that the solid line of equation (1) and the plotted marks generally coincide, and where inclusion extending along the forged grain flow in the steel material exists, the cross section on its principal plane acts as the origin of fracture. The authors have also shown in the report [3] that the relationship between area A of the inclusion, which is the origin of internal fracture, and ∆K th , threshold stress intensity factor range for crack propagation is represented by equation (2) proposed for surface fracture by Murakami [4] . Equation (4) is obtained substituting equation (3) in ∆K th of equation (2) . If this relationship is used, and if the distribution of maximum principal stress σ 1 of the crankshaft and the direction of forged grain flow are known, then by combining σ 1 and √A, the distribution of fatigue strength of crankshaft can be obtained taking the value of σ 1 (√A) 1/6 as the evaluation value. As mentioned in Introduction, factors for improving the fatigue strength of CGF-forged crankshafts include effects of segregation of impurities as well as the continuation of forged grain flow. The effects of this segregation are reflected in the distribution of inclusions in the members; therefore, they can be included in the evaluation by studying the distribution of inclusions (difference in the distributions of inclusions on the shaft surface and within the shaft) in the actual crankshaft. However, in practice, no data related to distribution of inclusions is available, and this topic needs to be studied henceforth.
Evaluation of effects of forged grain flow on the fatigue strength
As mentioned above, the distribution of principal stress σ 1 near the fillet of the crankshaft can be determined by Finite Element Method (FEM) calculation techniques, combined with the cross section area A of the inclusion on the maximum principal plane determined geometrically, and the fatigue strength of the forged crankshaft can be evaluated. With the aim of easily obtaining the maximum principal stress distribution in the crankshaft of various shapes, FEM calculations were performed based on design of experiment method by the L27 orthogonal array, and a formula for estimating the maximum principal stress σ 1 occurring at the fillet was derived. Factors that were used to regulate the crankshaft shape as shown in Fig. 6 were: (1) crankpin diameter D p , (2) crankpin and crankshaft eccentricity E, (3) crank arm thickness W, (4) crank arm width B, (5) fillet radius R, and (6) recess of pin fillet T. Dimensionless values were used by dividing factors (1) to (5) by the crank journal diameter D j , and dividing factor (6) by the fillet radius R. Table 1 shows the list of levels for each factor. The orthogonal array was assigned so as to obtain interaction between the factors (1), (2) and (3) above. Table 2 shows the list of model shapes (assignment to the L27 orthogonal array). Figure 6 Factors regulating the crankshaft shape
One throw 1/4 model was prepared as the FEM model of the crankshaft considering symmetry. The stress occurring in the actual crankshaft is a combination of bending and torsional stresses, but it has been reported [5] that the dominant stress in the crankshaft of a four-cycle engine is the bending stress, therefore, only the bending stress was considered for convenience. Boundary conditions were assigned as shown in Fig. 7 , and a concentrated unit load was applied at the center of the pin. Quadrilateral elements with intermediate nodal points were used, and the area around the fillet was finely meshed (number of elements: about 30,000; number of nodes: about 50,000 per model). MSC NASTRAN for Windows was used for calculations. 
Unit load
The contour display of maximum principal stress σ 1 in model no. 2 is shown in Fig. 8 as an example of the results of FEM calculations. Although the origin of fracture in case of ultra-high cycle fatigue is within the steel material, since the stress gradient near the surface at the crankshaft fillet is steep, as can be confirmed from the stress distribution of Fig. 8 , the origin of the fracture is considered to be mostly directly below the surface. The evaluation of fatigue strength was carried out in the range of θ = 0 to π/2 (radian) (see Fig. 9 ) of the surface at the fillet for the sake of convenience. The value of the maximum principal stress σ 1 (θ) in this range was approximated by a fourth order polynomial, and analysis of variance was performed taking σ 1 '(θ), where σ 1 '(θ) is the standardized σ 1 (θ) value by σ 1, max , the maximum value of σ 1 (θ), for each π /18 of θ in each model. A total of ten approximate equations, namely σ' 1 (0), σ' 1 (π /18), …, σ' 1 (π /2) were derived using Chebyshev's orthogonal polynomial. Furthermore, the coefficients α i were approximated by fourth degree equations in terms of θ, and the equation for estimating σ' 1 (θ) was obtained. The obtained equation is shown in equation (5) . Figure 10 shows the comparison of estimated values (total 270 points) obtained using equation (5) and the values calculated by FEM of σ' 1 (θ) (θ= value from 0 to π /2 at every π /18) in 27 models. The value of σ' 1 (θ) has been estimated with good accuracy using equation (5) . Equation (5) is valid in the range of levels of each factor shown in Table 1 . When the forged grain flow is cut off at the fillet of the crankshaft, the direction of the forged grain flow φ can be treated as practically uniform if restricted to the area near the fillet only as shown in Fig. 9 . In case of the CGF-forged crankshaft, φ can be taken as 0 to π/9 approximately, whereas in case of free-form forged crankshaft, φ can be approximated as π/2 (radians). The relationship between the cross section area A of inclusion approximated by elliptical body and the direction of forged grain flow φ and position θ can be given geometrically by equation (6). As mentioned earlier, the inclusions in steel forgings have long and slender shapes along the forged direction. The aspect ratio of the inclusion, in the experience of the author, is a/b= 0.2 to 0.4 experimentally. If the aspect ratio of inclusion at the origin of the fracture is less than 0.2, the fatigue strength becomes saturated [4] ; therefore, the aspect ratio of the inclusion is assumed here as a/b=0.2. The evaluation value S of fatigue strength is found first by standardizing σ' 1 (√A) 1/6 by the combination of σ 1,max , the maximum value of σ 1 ( ), and √A min , the minimum value of √A, and then taking the minimum value of its inverse, as given in equation (7) . In this way, the evaluation value S becomes the percentage reduction in fatigue strength of crankshaft with continuous forged grain flow, that is, of the relevant crankshaft compared to crankshaft with √A min .
The evaluation value S was calculated using equation (7) for 3 cases of forged grain flow directions: φ=π/2, φ=π/18, and φ=π/4, for 39 models of small 4-cycle engines in actual operation with shaft diameter below 100 mm. The results are shown in Fig. 11 . The evaluation value for φ=π/18 corresponding to the CGF forging method is smaller than the evaluation value for φ=π/2 corresponding to the free-form forging method for the large number of shafts of Fig. 11 . It was observed that the effects of forged grain flow on fatigue strength by the CGF forging method may not necessarily be superior to the corresponding effects on fatigue strength by the free-form forging method. As shown in Fig. 11 , the evaluation value S in case of φ=π/4 is almost 1 for all models. It was observed that if the direction of forged grain flow near the fillet can be controlled to 45 degrees, practically no reduction in fatigue strength occurs even if continuation of forged grain flow cannot be maintained.
In this evaluation, the fatigue strength is determined by the maximum principal stress σ 1 and the cross section area A of the inclusion on the principal plane. Therefore, in case of the forged grain flow direction, that is, in case of the direction of the inclusion as shown in Fig. 9 for instance, if σ 1 assumes a large value near position θ=0 as in the distribution illustrated in Fig. 8 , then the fatigue strength will be estimated at a low value. In contrast, if σ 1 assumes a large value near θ=π/2, the fatigue strength will be estimated at a high value. If the direction of the forged grain flow is φ=π/4, A does not vary appreciably with position θ, therefore, the evaluation value S remains constant regardless of the shape of the crankshaft. The evaluation value S and the correlation coefficients of various factors regulating the crankshaft shape in the CGF forging method (φ=π/18) and the free-form forging method (φ=π/2) have been calculated from the results of 27 models shown in Table 2 , and are shown in Table 3 . The eccentricity E and the arm thickness W of the pin and journal are comparatively closely related to the evaluation value S. It was observed that as the eccentricity reduced and the arm thickness increased, the evaluation value S tended to decrease relatively in case of the CGF forging method compared to the free-form forging method. Consequently, if reduction of eccentricity of the pin and journal occurs because of making the engine compact and lightweight, and if the forged grain flow cannot be controlled in the correct direction, it may not be possible to anticipate the conventionally obtained effects of CGF forging method.
However, as mentioned in Introduction, factors that improve the fatigue characteristics in the CGF forging method are mainly affected by the continuation of forged grain flow and segregation of impurities. Of these, the effects of continuation of forged grain flow were investigated in the present research. Accordingly, the effects of segregation of impurities need to be studied separately henceforth in order to perform overall evaluation of the fatigue resistance characteristics of the CGF forging method. 
Conclusion
The effects of continuation of forged grain flow and small segregation of impurities on the shaft surface are considered to be factors that improve the fatigue resistance characteristics of CGF-forged crankshaft. In this research, the effects of continuation of forged grain flow were studied. That is, the ultra-high cycle fatigue strength of high-strength crankshaft was evaluated when the forged grain flow at the fillet of the crankshaft was cut off locally (no continuation) because of the shaft machining process. The results and conclusions arrived at are summarized below.
(1) A method to evaluate the effects of forged grain flow on the ultra-high cycle fatigue strength was proposed.
(2) If the local continuation of forged grain flow is not maintained at the fillet of the CGF-forged crankshaft, the effects of the forged grain flow on the fatigue strength in CGF forging method may not be superior to that of the free-form forging method. (3) If the direction of the forged grain flow near the fillet is controlled at 45 degrees, practically no reduction in fatigue strength occurs even if the continuation of the forged grain flow is not locally maintained.
